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ABSTRACT
High speed and high rotor tip-speed, in particular, combined with high mag-
netic and electrical loading, are key enablers for obtaining high specific power
in electric machines. The rotor described in this thesis pushes the tip speed to
about 80% of the speed of sound. An outer rotor design with a carbon-fiber
retaining ring on the outer diameter (OD) was chosen to maintain high mag-
netic loading in the airgap while ensuring structural integrity at high speed.
To achieve manufactural feasibility, a cantilevered rotor structure was pro-
posed to suspend the rotor around the stator. This architecture introduces
significant rotordynamic challenges, one of which is the “trunnion effect,”
a rotordynamic effect uncommon in traditional electric machines. This ef-
fect was identified when a discrepancy was observed during a rotor test and
a root-cause analysis was performed to explain it. The original rotor dy-
namic model was modified to include this effect, and verified through a ping
test. The trunnion effect, which significantly reduces the critical speeds, can
be offset by selecting appropriate dimensions for the rotor end plate using
the revised model. Thus, even in the presence of this effect, the proposed
unconventional motor topology is confirmed to function reliably.
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Data shows that the world passenger air traffic (expressed in revenue pas-
senger kilometres) increases at an average annual rate of 5.0 percent [1].
NASA initiated the Fixed Wing Project (aircraft) to address financial and
environmental concerns caused by increasing air-traffic worldwide. A key
enabling feature of both electric and hybrid-electric aircraft is electric mo-
tors with high specific power. Such motors could enable a shift from gas to
electric and hybrid gas-electric propulsion, and thus the energy consumption,
emissions, and noise could be significantly reduced [2]. Permanent magnet
synchronous motors (PMSM) have been shown to have high efficiencies and
power densities [3][4]. Thus, pushing the rotor tip speed close to the speed of
sound becomes crucial for high-power PMSMs. The motor described in this
thesis has pushed the rotor tip speed to 270 m/s, which is also the highest
value found in the literature for PM machines [5]. This motor is a surface-
mount PMSM, and it meets NASA’s requirement for power, specific power,
and efficiency: 1 MW, >13 kW/kg, and >96%, respectively, with the design
approach and motor topology detailed in [6]. An unexpected challenge of
this design is the trunnion effect observed on the rotor, which was identified
from discrepancies observed in a rotor spin test.
Chapter 2 provides an overview of the motor design. Then the overall
rotordynamic concerns will be described in Chapter 3. The cause of the
trunnion effect will be explained in Chapter 4, where trunnion stiffness is
estimated analytically. The rotor trunnion frequency is determined by a
2-D rotordynamics model. Results are verified through a ping test. The
trunnion effect influence on natural frequency, and thus on critical speed,
will be illustrated in Chapter 5. A modified rotordynamic model with a
drivetrain was created to estimate the critical rotor speed, which is found to
be notably lower than that predicted by the original model (without trunnion
effect). Two approaches will be introduced to offset (increase or reduce) the
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critical speed to a proper range.
This work has been submitted to the International Conference on Electrical




A motor topology has been chosen to meet NASA’s lightweight, high-specific-
power, high-power, and high-efficiency specifications. A self-pumped air-
cooling design was selected to meet the weight requirement. Heat generated
by bearing friction, and by windage and electrical losses, is removed by the
air flowing through the heat sink and airgap, thus eliminating the need for an
extra cooling system. The air flow is generated by the pressure drop resulting
from a centrifugal fan [8]. Iron usage was reduced dramatically by three
design choices to meet the lightweight and high-specific-power objectives.
Specific power refers to the ratio between motor output power and weight. A
high-pole-count motor topology was chosen because it reduces the thickness
of both stator and rotor yoke. The rotor yoke could then be eliminated by a
Halbach magnet array, a magnet arrangement that forms self-contained flux
paths. An outer rotor design, with the rotor being outside the stator and thus
getting rid of the retaining ring between the rotor and stator, was adopted
to satisfy the high-power and high-speed operation. This increases motor
performance by reducing the airgap. Extra iron losses are generated due
to high frequency, a combined result of high pole count and high operating
speed. Slotless windings were used to reduce this loss, and in turn shrank
the stator yoke volume. Structural stability and ease of manufacturing were
accomplished by a cantilevered rotor shell design. Table 2.1 lists the key
motor features.
Figure 2.1 shows an axial-cross section of the 3-D motor model, with all
the key components labeled, and Figure 2.2 shows key rotor shell features.
Blue shades indicate the rotating parts and orange the stationary parts.
A thin titanium rotor shell holds the neodymium magnet arrays in place.
Catastrophic failure caused by excess stress, a result of centrifugal force under
high-speed operation, is avoided with the addition of a high-strength carbon
fiber retaining ring. The hub serves as the connection to the drivetrain. Two
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Table 2.1: Motor key features
Parameter Symbol Value Unit
Rated power Prate 1 MW
Rated efficiency ηrate 96.4%
Specific power 1111 15 kW/kg
Nominal speed ωm 15000 rpm
Pole pair p 10
Retaining ring thickness tcf 0.0129 m
Rotor outer radius Ro 0.1591 m
Magnet outer radius Rm 0.1552 m
Rotor inner radius Ri 0.1423 m
angular-contact ball bearings located at both ends of the inner shaft connect
the rotor to the stator. Air enters from the free area at the winding leads,
goes through the airgap and heat sink, and exits from the rotor shell at the
fan holes. The air-flow path is shown in red in Figure 2.1.
Models of expansion, windage loss, and rotordynamics were created to
understand the motor performance and validate the design concepts. Tests
were performed to confirm the model accuracy [9]. During the rotordynamic
test, the prototype rotor was balanced and spun up to 18000 rpm with no ill
effects. A discrepancy between the rotordynamic model and test results was
observed. With further study, it is suggested that the discrepancy might be
attributed to a trunnion effect at the rotor [10].
4
Figure 2.1: Motor model with components labeled




The study of rotordynamics for high-speed machines is particularly important
because any undesired dynamic behavior of the system, including the motor
and the drivetrain, may create catastrophic failure. A good understanding
of rotordymanics helps to predict the critical speed, at which the system is
excited and may experience large vibration. If the predicted value does not
fall within the acceptable critical speed range, the machine could be modified
or optimized during the design phase; this avoids devoting excessive time and
money to make a change during/after manufacturing.
3.1 Natural Frequency
Before diving into critical speed and resonant frequency, the concept of nat-
ural frequency should be introduced. It refers to the frequency at which
the object tends to vibrate under an external force, like being hit, struck,
strummed, etc. It could be one frequency or a set of frequencies depending
on the degree of freedom of the object. It is a characteristic of the object,
and the natural frequency magnitude(s) are completely results of the mass
and stiffness value and distribution.
There is always a set of natural frequencies for an object with complex ge-
ometry and connections, for example, the rotor described in the thesis. Two
categories of modes can be defined among the natural frequencies: rigid-body
mode and flexible mode. Zero hertz corresponds to the natural frequency for
a rigid-body mode, a mode in which no deformation is observed. Of interest
to us are the flexible modes of an object, where the corresponding natural
frequencies are not zero. Under flexible modes, the object undergoes deforma-
tion, i.e., it vibrates. These natural frequencies can be numerically analyzed
through XLRotor, a 2-D rotordymanic modeling software, and physically
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tested by ping test.
Ping test is widely used to assess the natural frequency (or frequencies)
of an object or a system. The main idea is to create a free condition of
the object or system, which means the object is floating in space with no
attachment to ground and exhibits rigid body behavior at zero frequency, i.e.
no external boundary conditions [11]. However, this is infeasible in a real-
world situation. One way to approximate this free condition is to suspend
the object/system in the air from very soft elastic cords or place it on a very
soft cushion. Due to the nonideal free condition during the test, some rigid-
body modes might have a nonzero frequency. If the highest rigid-body mode
frequency is less than one tenth of the first flexible mode frequency, the test
result is credible.
3.2 Resonant Frequency and Critical Speed
For rotating machines, there are two frequencies: forward and backward, at
each mode shape. The two have the same value at zero shaft speed (natural
frequency). When the shaft speed increases, the two split into two direc-
tions, which results in forward whirling mode and backward whirling mode,
respectively. This is due to the gyroscopic effect, which is the tendency of
a rotating object to maintain a steady direction of its axis of rotation. For
forward whirling mode, energy is extracted from the system, which causes a
reduction in kinetic energy, and the gyroscopic effect tends to raise the corre-
sponding forward whirling frequency [12][13]. For backward whirling mode,
energy is added to the system, thus decreasing the corresponding backward
whirling frequency. In reality, the backward whirling mode is not excited and
does not contribute to large vibration; therefore, it is not of interest [14].
Resonant frequency refers to the frequency at which the forced frequency
meets the natural frequency, and thus the object/system’s vibration magni-
tude increases manifold. In the case of a rotational system, the resonant
frequency is captured at the intersection between the system’s synchronous
frequency and its natural frequencies (forward and backward). However, as
mentioned above, only forward ones are considered here. Critical speed is
the resonant frequency expressed in revolutions per minute (rpm). For this
design, only the first critical speed is concerned. More will be explained in
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Section 3.3.
Generally, the resonant frequency can be characterized by the following:
P , the ratio of the polar moment of inertia Ip to the transverse moment
of inertia It; ω, the synchronous rotational speed; L, the distance between













Acknowledging the complexity of the rotor and the drivetrain, this equa-
tion is only used during the initial design phase. Later on, numerical analysis
of resonant frequency using XLRotor was performed.
3.3 Rotordynamic Challenges of the Specific Design
The rotor brings rotordynamic challenges. Unlike the conventional inner
rotor configuration, which has the rotor symmetrically supported by two
bearings on both sides of the rotor, this rotor is cantilevered at two bearings
with a thin radial build (a heavy array of neodymium magnets on the inner
rotor shell and a carbon fiber sleeve on the outer rotor shell) and operates
at 15,000 rpm. Figure 3.1 shows a rotor model in XLRotor with the bearing
positions marked. The critical speed, determined by the entire drivetrain—
motor, coupling, and drive shaft—is always smaller than the rotor natural
frequency, because with the addition of components and connections, the
system stiffness is reduced. The machine can run beyond the harmonics with
no ill effect if it is well balanced. However, this practice is not preferred.
Two approaches to avoid rotordynamics failure without relying exclusively
on balancing are: (1) designing for a high critical speed such that at least
25% margin is saved between the critical and operating speed [15], and (2)
designing for a low critical speed which can pass through the system vi-
bration limit to reach the operating speed. Approach (1) was selected for
rotordynamic design of this project.
For test validation of the rotordynamic analysis, it is unrealistic to perform
a pin test with the overall drive system. Knowing that the rotor has the
most uncertain dynamic behavior and is the key contributor to the system
critical speed, our team decided to build two rotordynamic models: one
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including rotor only with free condition, and one including all the components
in the system with bearings and supports. The accuracy of the numerical
model is verified through comparison between the former model and the
ping test results of the rotor. Once the rotor-only model is verified, the
rotor characteristics are carried to the second model and the system dynamic
behavior can be studied.





The trunnion effect exists at stepped shaft sections with thin side walls [16].
The plate, where the trunnion sits, deforms as a disk supported at the edges
when a bending moment is applied to the trunnion, as shown in Figure 4.1.
Because this effect significantly reduces the angular stiffness of the section, it
has become an important consideration when designing rotating machinery.
Figure 4.1: Trunnion effect illustration and XLRotor example [17]
In general, it can be treated as a flexible-disk-coupling problem and is mod-
eled as circular plates with different conditions. Various models developed in
the literature are summarized in [18]. Among these models, [19] shows that
the object (plate and trunnion) excitation frequency is increased when the
plate is thickened.
Several studies on turbine shaft failure reveal the importance of proper
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rotordynamic analysis at the trunnion section, though not many cases can
be reported and analyzed in the literature due to confidentiality [20]. In [21],
failure analysis on a 28 MW bulb turbine shows the crack section as shown
in Figure 4.2. The long shaft could be considered as a trunnion and the
open end is the plate; the crack is at the section where the trunnion joins the
plate. Another failure analysis was performed on the scroll conveyor trunnion
shaft of a solid bowl centrifuge; a crack, shown in Figure 4.3, was identified
at the trunnion joint [22]. Other than improving the operating condition
and manufacturing procedure, both articles suggest that the shaft should be
redesigned to reduce the stress concentration at the crack zone. This implies
increasing angular stiffness at the outer peripheral portion of the plate, as
[23] shows that stress decreases with the increase of the stiffness.
Figure 4.2: Longitudinal cross section of the shaft [21]
Figure 4.3: Longitudinal cross section of the shaft [22]
In the case of this motor, both the hub and the inner shaft are consid-
ered as trunnions and thus can cause deformation of the rotor end plate.
The rotational stiffness due to the trunnion was determined analytically to
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characterize the trunnion effect. A free-condition rotordynamic model was
created to characterize the rotor trunnion frequency using XLRotor. The
results were verified by a ping test.
4.2 Trunnion Stiffness
The model and the equations to estimate the trunnion stiffness in [17] were
used. Equation parameters, including the plate thickness t, the wall thickness
h, the shell inner radius a, and the hub radius b, were adjusted to represent
our rotor geometry. In the context of the physical meaning of the trunnion
effect, the inner rotor shell radius and the rotor shell thickness were substi-
tuted into the equation parameters, a and h, respectively. The overall rotor
thickness (magnet, rotor shell, and retaining ring) was not used because it
did not contribute to the edge support. The supporting edge is at the cor-
ner where the titanium shell meets the titanium end plate, and only the
rotor shell presents at the corner, which contributes to the stiffness. Pinned
support at the edge was assumed to be conservative with the analytical esti-
mation. Table 4.1 shows the parameters and values that were substituted in
Equation (4.1) and (4.2).
Table 4.1: Parameters used for trunnion stiffness estimation
Parameter Symbol Value [m]
Hub outer radius b 0.0555
Rotor shell inner radius a 0.1422
Rotor end plate thickness t 0.0178
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where E is the elastic modulus, and µ is Poisson’s ratio. Because the compo-
nents affecting the trunnion stiffness (the rotor shell and the fan) are made
of Ti 6Al 4V titanium, material properties of titanium were used. The esti-
mated trunnion stiffness is 1.09 ∗ 106 Nm/rad.
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4.3 2-D Model Simulation
A 2-D model was built in XLRotor for analyzing the free-condition mode
frequencies. In this case, analysis is done only at zero speed and only the rotor
structure is modelled. The prototype rotor requires an eyebolt to connect
hang the rotor in air. This was included in the model with a rigid connection.
The 2-D model is shown in Figure 4.4. The first flexible frequency was found
to be 598 Hz (Table 4.2), and the result is illustrated in Figure 4.5, which
corresponds to trunnion effect. It should be noted that the third mode listed
in the table, though having a nonzero mode frequency, is a rigid-body mode.
The nonzero frequency is likely the result of the non-absolute free condition
in the analysis constraints.
Figure 4.4: XLRotor model setup








Figure 4.5: Mode shape at 598 Hz
4.4 Ping Test
Once the model is built in XLRotor, an easy way to validate the model is
by performing a ping test. If the expected free-free mode frequencies from
the model and the results from the ping test match well, that confirms the
accuracy of the model.
The test setup is shown in Figure 4.6. The rotor hub was attached to
an eyebolt connection feature, which was hung through a steel chain to ap-
proximate the free-free condition. Accelerometers were attached to the rotor
surface using petro wax. An impact hammer was used to excite the rotor.
An analyzer, Data Physics SignalCalc 730, was used to collect the data from
the accelerometers and the impact hammer. Averaged frequency response
was automatically generated by the analyzer. Rotor displacements at the
outer surface were measured approximately every 2.5 cm starting from the
open end, and at the end of the inner shaft (Figure 4.7). For each axial posi-
tion measurement, an average of five hits was taken. Each hit was carefully
made such that the hitting strength was even and the hitting direction was
perpendicular to the rotor shell. The excitation point was right above the
accelerometer at the end of the rotor shell (red dot in Figure 4.7).
Figure 4.8 shows the frequency response of the ping test. The mode shapes
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Figure 4.6: Test setup
at frequencies where FFT has a peak were plotted to examine the trunnion
effect, using ME’scope. At frequency 590 Hz, a see-saw mode shape was
observed at the inner shaft and the hub (Figure 4.9). This corresponds to a
trunnion mode shape and verifies that 590 Hz is the free-free rotor (with eye-
bolt) trunnion frequency. The two results, rotordynamic model and the test,
show extreme agreement and provide solid evidence of the trunnion effect
existence.
15
Figure 4.7: Example of accelerometer positions for ping test
Figure 4.8: FFT plot of ping test
16





The trunnion effect further reduces the system stiffness, and thus the critical
speed. This causes the risk of insufficient or negative margin between the
critical and operating speed.
Figure 5.1 shows the drive-train model in XLRotor. Small vertical sections
(beams) were used to represent various aspects of the rotor and drive-train
structure. Stiffness values for bearings were provided by the manufacturing
datasheet and trunnion stiffness was kept as a control variable. The red
x’s show the bearing connections. Lines connecting the x-axis and rotor
structure represent a rigid connection to ground or to a stable permanent
structure.
Figure 5.1: Driveline analysis setup for XLRotor
Simulations were performed for two cases, with and without the trun-
nion effect. Figure 5.2 shows the damped frequency plot for the motor and
drivetrain. As expected, the excitation frequency for the rotating structure
increases with speed due to gyroscopic effects. Two lines corresponding to
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the first bending mode show the two cases of forward and backward whirl.
At zero speed, these converge to the same frequency. As the speed increases,
the forward whirl excitation curve moves with a larger gradient compared
to the backward whirl. In the test setup, the backward whirl is experienced
only when decelerating or stopping the motor; emphasis is given to the point
where the forward whirl of the first mode crosses the synchronous frequency.
Crossing points for other bending modes were observed to be far from the
operating speed. Thus, they were not investigated as a potential scenario.
Figure 5.3 shows the damped frequency plot without trunnion stiffness.
Similarly, only the intersection of the first forward mode and the synchronous
frequency was of interest. The critical speeds are found to be 11,000 rpm
with trunnion effect and 18,000 rpm without. Thus not characterizing the
trunnion effect at the design phase results in unsafe operation at the rated
speed. This shows the trunnion effect is significant and must be included in
the rotordynamic analysis.
Figure 5.2: Driveline frequency model with trunnion effect
Two solutions were proposed. The rotor could be stiffened to bring up
the critical speed by adding features at the rotor end plate. This essentially
increases the end-plate thickness, and thus the trunnion stiffness. XLRo-
tor shows that the critical speed could be pushed to 18,000 rpm if the end
plate were three times the current thickness. Or, the rotor assembly could be
modified such that the rotor stiffness is reduced. This decreases the critical
speed to a point that the motor can safely pass through. The second method
involves radical changes to the rotor design, including bearings and support-
19
Figure 5.3: Driveline frequency model without trunnion effect
ing structures. However, it can be seen that the concept of an inside-out,





Though the trunnion effect has been successfully captured from both analyt-
ical calculation and physical testing, there is more to discover and verify.
6.1 Analytical Model
The analytical model used in this thesis was adapted from a typical rotor
model, which does not have the exact geometry as the rotor described in
Chapter 2. Several equation parameters were adjusted based on the under-
standing of trunnion effect and trunnion stiffness to represent this specific
rotor. Yet, a more accurate model that fits the geometry of this kind of
rotor (inside-out, cantilevered) should be built. This will benefit future de-
signs, which require an inside-out, cantilevered rotor geometry to achieve
high specific power.
6.2 Proposed Solutions
The two ways to relieve the high critical speed mentioned in the previous
chapter both create new problems. Adding the end-plate thickness to three
times the original value is essentially increasing the machine weight, which
leads to reduced specific power. Further analysis could be performed on
adding angle brackets between the end plate and the hub, which equiva-
lently increases the end plate thickness without adding excessive weight. The
second method requires decreasing the end plate thickness, which involves
structural concerns. Ways to reduce the trunnion stiffness without affecting
structural integrity should be explored.
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6.3 Future Design
Selecting a bearing with very high stiffness and carefully designing the motor
weight distribution could also help to avoid the presence of large critical
speed within the operating range. Since the rotor described here has been
manufactured and bearing related structures were already defined, neither
changing the bearing nor modifying weight distribution is a feasible path.
However, in future designs, the trunnion effect could be incorporated into the
initial design phase. These two paths could then be considered as possible





When a rotordynamic assessment for the inside-out, high-speed PMSM was
made and the spin test data was analyzed, discrepancies were found between
the physical and predicted results. Previous work suggests that the discrep-
ancy can be attributed to the trunnion effect on the rotor, due to its can-
tilevered external rotor structure [10]. An analytical model was constructed
to include this effect, which was verified by a physical ping test. It was dis-
covered that the negative influence on system critical speed (motor and drive)
can be solved by increasing the end-plate thickness or modifying the initial
assembly design. Thus the rotor can still maintain its structural integrity
while operating at high speeds. In future designs involving cantilevered ex-
ternal rotors, the trunnion effect should be taken into consideration during
the initial design phase and thus assure that the required critical speed is
obtained. The work reported in this thesis validates the motor topology
of an unconventional cantilevered external rotor, specially designed to have
high electromagnetic performance and reach a high rotor tip speed. High tip
speed enables high specific power and efficiency goals to be achieved, thus
ensuring that the requirements for electrified aviation are met.
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[13] T. Náhĺık and D. Smetanová, “Applications of gyroscopic effect in trans-
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